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We have measured compressibility of a two-dimensional hole gas in p-GaAs/AlGaAs heterostruc-
ture, grown on a (100) surface, in the presence of a tilted magnetic field. It turns out that the
parallel component of magnetic field affects neither the spin splitting nor the density of states. We
conclude that: (a) g-factor in the parallel magnetic field is nearly zero in this system; and (b) the
level of the disorder potential is not sensitive to the parallel component of the magnetic field.
PACS numbers: 73.40.-c,73.43.-f,73.20.At
Recently, the compressibility of two-dimensional (2D)
hole systems has been studied near the zero mag-
netic field (B = 0) metal-insulator transition in p-
GaAs/AlGaAs heterostructures [1, 2, 3]. It has been
shown that in the metallic regime the hole compressibil-
ity is negative, but it changes sign when the hole den-
sity is decreased below a critical value corresponding to
the transition to the insulating state. It is known that
in some 2D systems (electrons in silicon, holes in GaAs),
the application of a parallel magnetic field, B‖, causes the
resistivity to grow by orders of magnitude and eventually
leads to a complete destruction of the metallic state (for
a review and references, see Ref.[4]). On the other hand,
in the 2D hole system in SiGe, the effect of B‖ is neg-
ligible since the spins cannot be aligned by the parallel
magnetic field [5, 6]. The mechanism behind the giant
positive magnetoresistance is therefore generally believed
to be tied to the alignment of spins of the free carri-
ers, although other mechanisms have also been proposed
[7, 8, 9]. Compressibility measurements may shed light
on the mechanism of the destruction of the metallic state
by B‖ since they can distinguish between different mech-
anisms, e.g., between field-induced spin alignment, field-
induced distortion of the Fermi surface [9], or increase in
the disorder potential [7]. To the best of our knowledge,
the influence of the parallel magnetic field on compress-
ibility has never been studied.
In this paper, we report measurements of the compress-
ibility of 2D holes in a p-GaAs/AlGaAs heterostructure
grown on a (100) surface. Tilting the magnetic field al-
lowed us to study the influence of both perpendicular,
B⊥, and parallel components of the field on the compress-
ibility. Surprisingly, no noticeable effect of B‖ was found:
both the compressibility and the strength of the disorder
potential in the system remained nearly independent of
the parallel component of the magnetic field. We at-
tribute the absence of the effect to the strong anisotropy
of the g-factor which has recently been predicted and
observed in a p-GaAs/AlGaAs heterostructure [10]. Ac-
cording to Ref.[10], the g-factor is nearly zero in the (100)
direction; therefore, the application of a parallel magnetic
field has a negligible effect on spins. To test this, we mea-
sured the influence of the parallel magnetic field on the
Zeeman splitting and determined that the g-factor does
not exceed ∼ 10−2.
The hole compressibility, κ, is proportional to the
quantum capacitance, Cq: κ = cq/(pse)
2 = p−2s
dps
dµ
(here
ps is the density of 2D holes, cq ≡ Cq/A is the quantum
capacitance per area, A; µ is the chemical potential, and
dps
dµ
is the thermodynamic density of states). We studied
the compressibility by measuring the electric field pene-
tration through the 2D hole system, a method invented
by Eisenstein et al. and used on double-layer electron sys-
tem in GaAs [11] and later modified by Dultz and Jiang
for use in heterostructures with a single layer of carriers
[1]. The penetrating field is related to the screening abil-
ity of the carriers and is inversely proportional to κ. For
example, infinite compressibility means that the electric
field is completely screened by the hole system and is un-
able to penetrate through a 2D layer, finite positive com-
pressibility corresponds to a partial penetration, and zero
compressibility corresponds to a full penetration of the
electric field. Strong interaction between particles leads
to a negative compressibility of a correlated 2D system
[12, 13]: the direction of the penetrating field is opposite
to the direction of the incident field.
We used a p-type MBE grown GaAs/AlxGa1−xAs
single heterostructure with the maximum mobility of
about 120 × 103 cm2/Vs at a hole density of ps =
2.60 × 1011 cm−2. The device for compressibility mea-
surements was fabricated by sandwiching the 2D hole gas
between two metallic gates. We applied a low-frequency
(f = 0.2 to 5 Hz) excitation voltage Vac (typically 10 mV)
to the bottom gate keeping the 2D hole system grounded
in order to screen the electric field. A DC voltage Vg
was superimposed to vary the hole density. The current
induced between the top gate and ground, proportional
to the penetrating electric field, was measured by a lock-
in amplifier. Both the conductance, σ, and the quan-
tum capacitance, Cq, of the 2D system can be extracted
independently by measuring in-phase (Ix) and 90
o out-
of-phase (Iy) current components, respectively. In the
low-frequency limit, Ix is proportional to ω
2/σ and Iy
2is proportional to ω/Cq. Special attention was paid to
ensure that σ and Cq were frequency-independent. Mea-
surements were made in an Oxford dilution refrigerator
equipped with a rotator. Details of the sample prepara-
tion and experimental setup can be found in Ref.[1].
Typical traces of both current components in zero mag-
netic field are shown in Fig. 1(a) as a function of the
gate voltage; the latter determines the hole density via
ps = (22.3 − 6.54Vg) · 10
10 cm−2 (note that an increase
in the gate voltage corresponds to a decrease in hole den-
sity). Iy , proportional to the inverse compressibility, is
negative at Vg < 2.75 V (higher hole densities) and be-
comes “more negative” as Vg is increased. At a certain
gate voltage Vg = Vc, however, Iy sharply changes behav-
ior and starts to rapidly increase, being accompanied by
divergence of Ix (proportional to the inverse conductiv-
ity). This is in agreement with previous results obtained
in electron [11] and hole [1, 2, 3] systems. According to
Refs.[1, 2, 3], the abrupt change in the behavior of com-
pressibility corresponds to the critical hole density, pc,
for the metal-insulator transition in this system.
When a perpendicular magnetic field is applied
(Fig. 1(b)) peaks appear in both Iy and Ix traces corre-
sponding to compressibility/conductivity minima at in-
teger filling factors, ν = psch/eB⊥ = 1, 2, 3... Even fill-
ing factors correspond to the “cyclotron gaps” between
neighboring Landau levels; odd ones correspond to the
“spin gaps” between spin-up and spin-down levels within
the same Landau level. Note that at this relatively low
magnetic field of 3 tesla the compressibility remains neg-
ative even at integer filling factors.
By integrating Iy ∝ dµ/dps over ps, we obtain the
chemical potential versus hole density. These depen-
dences are shown in Fig. 2 (shifted vertically for clar-
ity). The chemical potential decreases for increasing
ps in a similar way, both in zero magnetic field and in
B⊥ = 3 tesla. In the latter case, weak oscillations corre-
sponding to the Landau quantization can be seen in the
µ(ps) curve.
Application of a parallel magnetic field has negligible
effect on both current components, as can be seen from
Fig. 3. While the effect of B‖ on the compressibility
has never been studied before, the absence of a field de-
pendence of Ix is unexpected: it is known that in “con-
ventional” p-GaAs/AlGaAs heterostructures grown at a
(311) surface the application of a parallel magnetic field
causes giant magnetoresistance [14, 15] by destroying the
metallic conductivity. Since this giant magnetoresistance
in generally attributed to spin effects, the observed dif-
ference may be attributed to anisotropy of the g-factor
in this 2D system [10]. Below, we verify this conjecture.
In Fig. 4, we demonstrate that the compressibility,
measured in the presence of a fixed B⊥, is insensitive
to the parallel component of the magnetic field: traces of
Iy versus hole density are practically identical regardless
of whether B‖ is zero or as large as 9.7 tesla. This clearly
shows that the width of the Landau levels, and thereby
the strength of the disorder potential in the system do
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FIG. 1: Typical traces of Ix and Iy vs. the gate voltage
in zero magnetic field (a) and in a perpendicular field B⊥ =
3 tesla (b). T = 0.2 K, Vac = 20 mV, f = 5 Hz.
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FIG. 2: Solid curves: Experimental results for the chemical
potential vs. the hole density for B = 0 (lower curve) and
B⊥ = 3 tesla (upper curve). The curves are vertically shifted
for clarity. T = 0.2 K.
not change with the parallel component of the magnetic
field.
One of the models suggested to account for the giant
magnetoresistance in metallic 2D systems was based on
the Fermi surface distortion in the presence of the parallel
magnetic field [9]. Our results show that parallel mag-
netic fields up to at least 10 tesla produce no effect on the
density of states, and therefore do not noticeably affect
the Fermi surface, in a p-GaAs heterostructure grown on
(100) surfaces.
As has already been mentioned, the absence of the
effect of B‖ on either density of states or conductiv-
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FIG. 3: Iy and Ix vs. parallel magnetic field for a fixed
hole density of ps = 6 × 10
10 cm−2. T = 0.2 K, B⊥ = 0,
Vac = 20 mV, f = 5 Hz.
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FIG. 4: Iy vs. the hole density for different tilted magnetic
fields. There is no apparent dependence of Iy on the parallel
component of magnetic field. T = 0.2 K, Vac = 20 mV,
f = 5 Hz.
ity suggests that the spins of the mobile carriers in our
2D system cannot be aligned by the parallel magnetic
field (in contrast to the perpendicular one). Thus, the
g-factor in parallel field must be nearly zero, in agree-
ment with Ref.[10]. In order to estimate the parallel-
field g-factor, we measure the spin splitting at Landau
level fillings ν = 1 and 3 by integrating dµ/dps over ps
in constant B⊥ = 2.34 tesla, but in different B‖. To
get rid of a monotonic µ(ps) dependence which masks
the gaps in the spectrum we subtract the zero-field µ(ps)
dependence (the lower solid curve in Fig. 2) from µ(ps)
obtained by integrating the curves shown in Fig. 4. Re-
sults for µ versus ps for B‖ = 9.7 tesla and B‖ = 0 are
shown in Fig. 5. There is no systematic dependence of
either ν = 1 or ν = 3 spin gaps on the parallel compo-
nent of the field. This confirms that the in-plane g-factor
is close to zero. As seen in the figure, the uncertainty in
the values of the spin gaps does not exceed 5 µeV. Af-
ter normalizing by 10 tesla this uncertainty corresponds
to an upper bound for the g-factor of 10−2. This result
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FIG. 5: ∆µ(ps) around ν = 1 (a) and 3 (b) in a constant
B⊥ = 2.34 tesla. Solid and dashed curves correspond to B‖ =
0 and B‖ = 9.7 tesla, correspondingly. T = 0.2 K. The curves
are practically insensitive to the parallel component of the
field pointing to the fact that the effective g-factor is close to
zero in the magnetic field parallel to the surface.
supports the notion that the giant magnetoresistance ob-
served in other strongly-interacting 2D systems (silicon
metal-oxide-semiconductor field-effect transistors and p-
GaAs heterostructures on (311) surface) is a spin effect:
when spins cannot be aligned, no magnetoresistance is
observed. In this sense, p-GaAs heterostructures on (100)
surface are similar to p-SiGe heterostructures in which
spins of free carriers cannot be affected by moderate B‖
[5, 6].
In conclusion, we have shown that the compressibility
(or the thermodynamic density of states) in a 2D sys-
tem in p-GaAs/AlGaAs heterostructure grown on a (100)
surface is insensitive to the application of a parallel mag-
netic field as large as 10 tesla. The fact that the width of
the Landau levels does not depend on B‖ suggests that
the disorder potential is also not sensitive to the paral-
lel field. In agreement with recent calculations [10] we
conclude that the g-factor in this 2D system is nearly
zero in the parallel magnetic field and our estimates give
g . 10−2.
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